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R391were presented two sequential
presentations of the bars and asked to
detect a luminance change in the bar
across the presentations. Two control
groups (in one control group there was
no visual stimulation for a 40 minute
period, and the second control group
viewed the background screen and
responded to the fixation task for
40 minutes) were also run.
Beste et al. [7] report that
change-detection performance
remained the same for the two control
groups 90 minutes, 24 hours and
10 days post-stimulation exposure.
Subjects who received bilateral
LTP stimulation showed improved
performance in detection changes on
either the right or left side, assessed
90 minutes, 24 hours and 10 days later.
This effect was dependent on the
salience (or difficulty) of the distractor
information. Improved performance
was maintained for up to 10 days when
salience of the distractor was low
(a difficult condition). When saliency
was high (the easy condition), improved
performance occurred 90 minutes
and 24 hours post-stimulation, but
returned to baseline 10 days later.
This finding indicates that the greatest
benefits from LTP-type stimulation
occur under difficult stimulus
conditions. The unilateral LTP
stimulation group showed the same
pattern, but only for the target location
that received the stimulation, indicating
that the effects of LTP stimulation are
specific to the location in the visual field
where stimulation occurred and thus
likely due to changes in early levels of
visual cortex.
A different pattern of results
occurred for the LTD-like stimulation
condition. Overall the effects of LTD
stimulation (either luminance or
orientation) were obtained only
90 minutes post-stimulation.
Performance returned to baseline
when assessed 24 hours and 10 days
post-stimulation. As predicted, LTD
stimulation when only luminance
change was present resulted in
decreased performance for the LTD
stimulated location. When orientation
change was present LTD stimulation
resulted in improved performance on
the side contralateral to the
stimulation location, suggesting
that there was a suppression of
activation for orientation in the visual
system.
These findings have a number of
important implications for theory andapplication. First, this research is the
first study to show that using
protocols that result in plasticity at the
cellular level can result in improved
behavioral performance in humans
(in vivo). Thus, this research provides
a direct link between behavioral
research and neurophysiological
techniques. Second, consistent with
the results of LTP/LTD
neurophysiological studies [4–6], the
present study found behavioral
performance changes consistent with
increased and decreased
performance due to the different
types of stimulation used. Third, the
results suggest that this type of
stimulation is likely resulting in
changes in synaptic connections.
Although previous perceptual learning
research has shown a link between
behavioral techniques and
neurophysiology, these studies have
primarily focused on molar levels of
neurophysiological changes (for
example, BOLD signal changes in
fMRI studies [9,10]). The new results
are indicative of changes that likely
occur at a more local, synaptic level.
Finally, and perhaps most importantly,
the study suggests a new behavioral
approach that results in changes in
sensory processing that have exciting
possibilities for interventions.
Sensory systems can decline as
a result of a variety of conditions,
including brain damage, disease or
normal aging. Because perceptual
learning can be used to change
processing, it has the potential to
improve function when processing is
compromised as a result of these
factors. An important issue for futureresearch will be to examine whether
the technique used in the present
study might be useful for clinical
interventions.
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DOI: 10.1016/j.cub.2011.04.018Chloroplast Signaling: Retrograde
Regulation Revelations
Developing chloroplasts are able to communicate their status to the
nucleus and regulate expression of genes whose products are needed
for photosynthesis. Heme is revealed to be a signaling molecule for this
retrograde communication.Samuel I. Beale
According to the endosymbiotic
hypothesis, eons ago
a cyanobacterium took up residence
within a eukaryotic cell and itsdescendants ultimately evolved to
become plastids. Part of this transition
involved the transfer of most, but not
all, formerly cyanobacterial genes to
the nuclear genome, which
presumably confers the advantages of
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R392sexual reproduction and diploidy, as
well as allowing close regulation of
plastid development by the ‘host’ cell.
Although it is relatively straightforward
for the cell to control expression of
nuclear genes whose products are
destined for plastids, it is clear that for
true coordination of development and
metabolism, the plastids must also be
able to communicate to the host cell
and influence the expression of nuclear
genes, but the mechanism(s)
responsible for this ‘retrograde’
signaling are only beginning to be
elucidated.
In angiosperms, which require
light for greening, a number of
nuclear-encoded, chloroplast-targeted
proteins, referred to as
‘photosynthesis-associated nuclear
genes’ (PhANGs) are coordinately
regulated and are expressed in
greening, but not etiolated, tissues. The
fact that plastids can indeed transmit
information about their metabolic state
to the nucleus and influence the
expression of PhANGs is easily
demonstrated. One of the clearest
examples is illustrated by etiolated
seedlings that are treated with
norflurazon (NF), which blocks
carotenoid synthesis by specifically
inhibiting phytoene desaturase [1].
In plants, carotenoid synthesis and
phytoene desaturase occur only in the
plastids and NF is thought to act only
in plastids [2,3]. NF-treated plants
undergo immediate arrest of plastid
development. Transcription of
PhANGs is curtailed in the NF-treated
seedlings even though PhANGs are
encoded by nuclear genes. Thus, the
plastids are able to communicate their
arrested developmental state to the
nucleus of the cells to control PhANG
expression.
Several years ago, a genetic screen
of mutagenized Arabidopsis plants
resulted in the detection of mutant
plants that failed to curtail the
expression of PhANGs when treated
with NF, even though NF was able to
inhibit carotenoid synthesis. These
mutants were somewhat fancifully
named ‘genomes uncoupled’ (gun)
mutants [4]. Of the five initially
identified gun mutant loci, four were
found to be loss-of-function mutations
of genes involved in some aspect
of tetrapyrrole metabolism, a process
that occurs exclusively or primarily
in the plastids. GUN2 and GUN3,
respectively, encode heme oxygenase
and biliverdin reductase, the enzymesof heme catabolism; GUN4 encodes
a protein required for full activity of Mg
chelatase; and GUN5 encodes one of
the essential subunits of Mg chelatase
itself [5]. Thus, it seemed possible
that tetrapyrrole(s) are involved in
conveying a plastid developmental
signal to the nucleus and that one or
more tetrapyrroles may be a retrograde
signaling molecule. (GUN1 encodes
a chloroplast protein that is not directly
involved in tetrapyrrole metabolism
but may mediate or integrate plastid
development in response to a number
of cues [6].)
The hypothesis for involvement of
tetrapyrroles in controlling PhANG
expression in NF-treated plants was
bolstered by the observation that
NF-treated plants apparently
overaccumulate Mg-protoporphyrin IX
(MgPP) and other Mg-containing
chlorophyll precursors, and that the
accumulation of these compounds is
reduced in NF-treated gun mutants. It
was proposed that MgPP is a negative
regulator of PhANG expression [7]. The
reduced accumulation of MgPP in gun
mutants could be explained to be
a result of diminished Mg chelatase
activity (gun4, gun5) or inhibition of the
synthesis of protoporphyrin IX (PP),
the common precursor of heme
and chlorophyll, caused by
overaccumulation of heme due to
decreased heme turnover (gun2, gun3).
(Heme is known to be an inhibitor of
the first step of tetrapyrrole synthesis,
catalyzed by glutamyl-tRNA
reductase (GTR).)
However, the involvement of MgPP
as a negative regulator of PhANG
expression was challenged by other
groups who were unable to replicate
the reported accumulation of MgPP
in NF-treated wild-type plants [8–10].
Apparently, the original finding of
MgPP accumulationmay have been the
result of inaccurate methods for its
quantification. Moreover, Arabidopsis
cs and ch42 mutants, which are
defective in the CHLI1 subunit of Mg-
chelatase, do not show a gun
phenotype, even though production of
MgPP is greatly reduced [5]. These
and several other reports indicate that
there is no relation between MgPP
accumulation and PhANG expression
in gun mutants. Nonetheless, the
ability of the gun mutants to
overcome the PhANG-repressing
effect of NF treatment, and the
assignment of the GUN2–5 genes as
encoding enzymes involved intetrapyrrole metabolism, remained
valid. Thus, a new mechanism was
needed to explain the effects of the gun
mutations and the link between the gun
phenotype and tetrapyrrole
metabolism.
As reported by Woodson et al. [11]
in this issue of Current Biology, a new
gain-of-function gunmutant, gun6, has
been created, and the characterization
of the mutation has led to a new
explanation for the gun phenotype
and identification of a new retrograde
signaling molecule. The gun6 mutation
was identified as being in the upstream
regulatory region of the gene encoding
ferrochelatase 1 (FC1), an enzyme that
inserts Fe into PP to form heme. The
mutation causes gun6 mutants to
overexpress FC1. One possible
mechanism for the gun phenotype in
the gun6 mutant is that diversion of
PP toward heme might decrease the
amount of PP available for MgPP
synthesis and thereby decrease the
concentration of MgPP acting as
a negative regulator of PhANG
expression. However, this explanation
is difficult to reconcile with the
reported nonaccumulation of MgPP in
NF-treated plants [8–10]. A second
possible explanation is that
increased FC1 expression in gun6
plants causes overaccumulation of
heme, and that heme is a positive
regulator of PhANG expression. A role
for heme as a positive regulator of
PhANG expression could also
provide an alternative explanation for
the gun phenotype of mutations that
decrease heme turnover (gun2, gun3)
and those that decrease diversion of
the common heme and chlorophyll
precursor, PP, into the chlorophyll
branch (gun4, gun5). In principle, heme
would be a more appropriate
retrograde signaling molecule than
MgPP because heme is known to be
exported from plastids [12], whereas
the evidence for MgPP export by
healthy plastids is less convincing.
Moreover, MgPP is photodynamic and
produces toxic reactive oxygen
species (ROS) in the presence of light,
whereas heme is photodynamically
inactive.
The effect of the gun6mutation could
be achieved by ectopically
overexpressing FC1. To test whether
the increased PhANG expression in
gun6 plants, relative to NF-treated
wild-type plants, was due to increased
FC1 activity or if only the presence of
the FC1 protein, and not its enzyme
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plants were produced that
overexpress inactive FC1. These plants
did not have the gun phenotype.
Moreover, the gun phenotype was
abolished in gun6 plants that were
treated with 2, 2’-dipyridyl, an Fe
chelator that blocks ferrochelatase
activity. Inhibiting heme synthesis by
blocking early steps of tetrapyrrole
synthesis by mutation or by
administering gabaculine, which
inhibits synthesis of the early
tetrapyrrole precursor
5-aminolevulinate (ALA), also
abolished the gun phenotype, but
simultaneous administration of ALA
restored PhANG expression.
Moreover, ALA administration or
overexpression of the rate-limiting
enzyme of ALA synthesis, GTR,
allowed increased PhANG
expression in NF-treated wild-type
plants.
Although gun plants had slightly
elevated levels of total cellular heme,
it was not possible to determine the
intracellular location of this heme. Also,
because of the ability of heme to
regulate its own synthesis via inhibiting
GTR, large changes in heme levels
were not observed in gunmutants or in
plants overexpressing GTR. It was also
reported previously that total cellular
heme content is not increased in gun
mutants [13].
These results converge on
demonstrating the effect of heme as
a positive regulator of PhANG
expression and are consistent with
the role of heme as the agent of the
gun phenotype in the gun mutants.
It was not reported whether
attempts were made to determine
whether PhANG expression is
increased by administering heme to
NF-treated wild-type plants, although
such an effect of exogenous heme
would greatly strengthen the
conclusion.
There remains one puzzle.
Angiosperms contain two conserved
ferrochelatases, FC1 and FC2.
Whereas FC1 is expressed in all tissues
and is considered to be the
housekeeping enzyme, FC2 is
expressed only in green and greening
tissues. The effects of overexpressing
FC1 could not be replicated by
overexpressing FC2. The intracellular
locations of FC1 and FC2 have been the
subject of some disagreement, but
recent work, including results reported
in the present paper [11], point to bothenzymes being co-located on
chloroplast thylakoid and envelope
membranes. Perhaps the product of
FC2, unlike that of FC1, cannot exit the
plastids to convey the retrograde
signal. Attempts were made to test
this possibility by overexpressing
amino-terminally truncated FC2,
lacking the plastid-targeting
sequence, in the cytoplasm. Despite
the lack of a chloroplast targeting
sequence, the truncated FC2
nonetheless accumulated in the
plastids. Thus the exclusive ability of
FC1, and not FC2, to mediate the gun
phenotype and allow PhANG
expression in NF-treated plants has
not been explained. One possibility is
that the two enzymes are inserted into
the same plastid membranes but in
different orientations, so that heme
produced by FC1 may be able to
diffuse into the stroma and thence out
of the plastids, whereas FC2-produced
heme may be deposited into the
thylakoid lumen, where it is trapped.
This scenario is consistent with the
fact that many chloroplast
hemoproteins (cytochromes b6f and
b559, thylakoidal ascorbate peroxidase,
peroxiredoxdin Q) are located within
thylakoid membranes and/or in the
lumen.
In summary, Woodson et al. [11]
have, firstly, advanced our
understanding of retrograde
chloroplast signaling by clarifying the
mechanism of the gun phenotype,
secondly, introduced a role for heme
as a positive regulator of PhANG
expression, and, thirdly, overcome
the dilemma surrounding the
non-replicability of the previously
reported accumulation of MgPP in
NF-treated plants and the
interpretation of the MgPP
accumulation as indicating
a negative regulatory effect of MgPP
on PhANG expression in gun mutants.
Going forward, we now have a basis
for investigating the mechanism by
which heme regulates PhANG
expression.
It is worth noting that heme may not
be the only retrograde chloroplast
signaling molecule, and there may yet
be a role for MgPP and other
chlorophyll precursors in regulating
nuclear gene expression in, for
example, responses to ROS and other
stresses. Indeed, MgPP has recently
been reported to be involved in stress
signaling in plants [14] and cell cycle
coordination in algae [15].References
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